Abstract. Most of the published researches on the vibration isolation performance of the commercial vehicle focus on the suspension system and the power-train system, and few of them focus on the cabin. Moreover, the researches on the cabin mostly focus on how to reduce the interior noise, and the interior vibration characteristics have not received adequate attention. Therefore, this paper tries to research the vibration characteristics of the commercial-vehicle cabin in order to improve ride comfort. Firstly, the vibration characteristic of the cabin was tested on the actual road. Then, the rigid-flexible coupling dynamic model of the commercial vehicle was built, and the computational results were compared with the experimental results. It was found that the results were consistent with each other, which showed that the computational model was reliable. Finally, based on the verified computation model, some parameters that influenced the vibration characteristic of the cabin were explored. As a result, the influencing tendency of each parameter to the cabin vibration under each working condition was obtained, but influencing levels of each parameter cannot be analyzed quantitatively. In order to research the contribution degree of each parameter to the vibration in cabin, DOE (Design of Experiment) method was used for the analysis to provide references for the optimal matching of a cabin suspension system. Then, the vibration in the cabin was optimized based on genetic algorithm to obtain the optimal performance. This research can provide a reference for the other researches on the reduction vibration for the cabin.
Introduction
In recent years, commercial vehicles are making rapid development, with their production and sales climbing year by year. Meanwhile, the market has proposed higher requirements for the performance, especially in terms of ride comfort for commercial vehicles. Due to the complex working conditions for commercial vehicles and the long duration of driving in long-distance transportation, the commercial vehicle drivers can easily suffer fatigue, which will bring serious impact on their health and may even cause traffic accidents. Therefore, the improvement of the ride comfort for commercial vehicles has become a hot topic of the research in the automotive industry. Most of the published researches on the vibration isolation performance for commercial vehicles focus on in the suspension system and the powertrain system, and few of them focus on the cabin. Moreover, the researches on the cabin mostly focus on how to reduce the interior noise [1] [2] [3] [4] , and the vibration characteristics of the cabin have not received adequate attention. Since the cabin mount system can simultaneously reduce the excitation from both the powertrain and the road, the research on the cabin mount system can effectively reduce the vibration in the cabin. And considering that vibration is the reason generating noise, the damping of vibration can lead to reduced noise.
By simplifying the commercial vehicle to a 12-degree-of-freedom system, Li analyzed the vibration isolation performance of the cabin mount system, and proposed an improved design. But this research process was not verified by experiment, thus the reliability of the results could not be guaranteed [5] . Through building the multi-body dynamic model of the commercial vehicle, Huh analyzed the influence of the gear mechanism for commercial vehicle's gear box on vibration characteristics, and proposed two optimization strategies, namely, the active one and the passive one [6] . Wang built the model of the mount of the power-train system for the commercial vehicle, and also researched the vibration modal characteristics. However, the power-train was regarded as an independent object, the coupled analysis of the power-train and the whole vehicle was not conducted, thus the results were of little significance [7] .
In this paper, the vibration characteristic of the cabin was firstly tested through road experiment. Then, the rigid-flexible coupling dynamic model of the commercial vehicle was built, and the simulation results were compared with the experimental results. It was found that the results were consistent with each other, which indicated that the simulation model was reliable. Finally, based on the verified simulation model, some parameters that influence the vibration characteristic of the cabin were explored. As a result, the influencing tendency of each parameter to the cabin vibration under each working condition was obtained, but influencing levels of each factor cannot be analyzed quantitatively. In order to research the contribution degree of each factor to the vibration in cabin, DOE (Design of Experiment) method was used for the analysis to provide references for the optimal matching of a cabin suspension system. Then, the vibration in the cabin was optimized based on genetic algorithm to obtain the optimal performance. This research can provide a reference for the other researches on the reduction vibration for the cabin.
Road experiment for the commercial vehicle
Using PCB three-axis acceleration sensor and DEWETRON data collection system, this test was conducted in a straight road. And the experimental road can be regarded as B-level road. Wind velocity is less than 5 m/s and outdoor temperature is 25 °C. As for the working condition in the test, the vehicle made uniform linear motion at the speed of 30 km/h, 40 km/h, 50 km/h, 60 km/h and 70 km/h, respectively. The experimental data were obtained by the data collection system, and the sampling frequency was set to 3000 Hz. Each experiment was carried out for three times. The average value of three experiment results was taken as the final result. As shown in Fig. 1 , the accelerations of the cabin seats, the steering system and the top of the commercial vehicle were measured, respectively. Through processing and analyzing the collected data, the vibration acceleration and power spectral density at each measured point were obtained, as shown in Fig. 2-4. a) The acceleration sensor at the seat b) The acceleration sensor in the steering system c) The acceleration sensor at the cabin top Fig. 1 . The position of the acceleration sensors for the commercial vehicle According to Fig. 2-4 , the peak frequencies of the power spectral densities in the seat and the cabin top were mainly distributed at 1 Hz-3 Hz, while that of the steering room was 6.4 Hz.
Moreover, the power spectral density of the steering system was obviously larger than those of the seat and the cabin top, mainly because the steering system was directly connected to the power-train system and its vibration was not reduced by the other transmission paths. As can be seen from Fig. 2(a) respectively. In addition, the power spectral density of seat vibration acceleration only had one obvious peak value, while the vibration acceleration power spectral densities of steering system and cabin had a lot of peaks.
a) The vertical acceleration in the seat b) The power spectral density of the vertical acceleration in the seat The vehicle system is a multi-degree-of-freedom vibration system, are mutually different in mass, damping and stiffness properties. In different working conditions and the road surface, the vibration of the vehicle system is complex, and the vibration of all the subsystems can be easily coupled, thus the vibration in the cabin is intensified. Through building the multi-body dynamic model of the whole vehicle, the vibration response within the cabin and the vibration isolation performance of the cabin mount system can be analyzed and evaluated with considering various factors, so as to enable more faithful, accurate analysis and evaluation of the cabin mount system as well as the accurate optimization and configuration of the cabin mount system. The multi-body dynamic models [8] [9] [10] of the moving system (frame, axle, tire and suspension), the steering system, the power-train system and the suspension system were separately built using ADAMS, before all the subsystems were fit together according to their topological relationships in the whole vehicle, and the rigid-flexible coupling model of the assembled is finally obtained. In the multi-body dynamic model of the whole vehicle, the modes of the cabin and the frame can be computed and analyzed, as shown in Fig 
The random road profile
As the main excitation source during the driving process of the vehicle, the road profile might be directly affected the accuracy of its simulation result due to the consistency between it and actual road profile.
The fluctuation of road profile is generally expressed by road roughness. Under the effect of road roughness, the vibration excitation might be acted on tires and transmitted to the cabin through the suspension, frame and cabin mounts. Road roughness is usually described by the stationary random process theory, which usually measures and analyzes large numbers of road roughness data to obtain power spectral density and other statistical data.
Road profile method is recommended among all classification standards of road levels. Without road phase in road profile, the reconstruction of road profile can be applied to form the road roughness, so as to simulate the road profile. The road surface model is usually divided into the time domain and frequency domain, and the commonly used construction methods include harmonic superposition method, AR model method, white noise shaping filter method and ARMR model method [11] [12] [13] . The harmonic superposition method is mainly employed in the paper to build the necessary road profile model for simulation, which constructs a pavement through superimposing harmonics functions with different phases and different frequencies. The displacement power spectral density of road roughness can be expressed as the following equation:
wherein: ( ) is the power spectral density of road roughness, with the unit of . ( ) is the road roughness factor under the reference spatial frequency, with the unit of . is the spatial frequency, with the unit of . is the reference spatial frequency, = 0.1 . is the frequency coefficient, generally = 2, which determines the frequency structure of the road spectrum.
In the spatial frequency < < , the road roughness variance can be expressed as the following equation:
If the spatial frequency is dispersed into small sections in the section from to , the corresponding spectral density ( ) of center frequency in each section is chosen as the section value, and then the Eq. (2) can be expressed as below:
The sine function, with the expression of 2 ( ) * Δ * sin(2 + ) , of center frequency corresponding to each section is established, whose standard deviation is ( ) * Δ . If the sine function of each section is made superimposing sum, the spatial profile of a random road profile can be obtained:
where: is the sine function phase, which is randomly distributed within 0, 2 . is the length of the road. According to the simulation, the harmonic superposition method is applied to construct the model of B-level roads. The ( ) value of B-level roads is 64×10 -6 m 3 , and ( ) value within each section is determined by the mean value of displacement power spectral density corresponding to 1/3 octave center frequency of B-level roads. Finally, the road profile of each tire can be obtained as shown in Fig. 6 .
Based on Fig. 6 , the simulation of the whole vehicle model was conducted at the speed velocities of 30 km/h, 40 km/h, 50 km/h, 60 km/h and 70 km/h, respectively. Then, the root mean square (RMS) values of the accelerations for all the conditions between the simulation and the experiment were compared to verify the accuracy of the simulation model, and the comparison results are shown in Table 1, Table 2 and Table 3 . It can be seen that the relative errors between the experimental values and the simulation values were below 6 % [14] , which is acceptable in engineering. Thus the rigid-flexible coupling dynamic model built here is reliable. 
The impact of the vehicle parameters on the cabin vibration characteristics
The interior vibration of the cabin mainly comes from two transmission paths, namely, "road→tire→axle→suspension→frame→cabin mount→cabin" and the other path is as follows, "power-train→power-train suspension→frame→cabin mount→cabin". In two paths, the parameters that influence the vibration of the cabin are mainly the stiffness of the front and rear mounts, the damping of the front and rear suspension, the stiffness of the power-train mount, and the stiffness and damping of the cabin suspension system. Through changing these parameters while maintaining the vehicle velocity and vehicle working conditions, the root mean square value of the acceleration in the seat was investigated, in order to research the effect of the changes of these parameters on the external vibration.
The impact of the stiffness for the front and rear mount springs of the cabin
At each vehicle velocity, the stiffness of the front and rear suspension coil springs in the cabin was changed by ±20 %. Fig. 7 shows the impact of the changes in the stiffness of the front and rear suspension coil springs. According to the simulation results, RMS value of the acceleration in the seat increases with the stiffness of the front and rear cabin mounts increases, and drops with the latter decreases. The main reason is that the excitation frequency for the cabin mount system is mostly higher than the intrinsic frequency of the system, and with the increase of the stiffness, the intrinsic frequency of the cabin mount system rises and gets close to the excitation frequency, thus the vibration enlarges; on the other hand, reducing the stiffness can alleviate the vibration at the slide.
a) The front mounts b) The rear mounts Fig. 7 . RMS values of the seat accelerations under different mount stiffness
The impact of the damping for the front and rear mounts of the cabin
At each vehicle velocity, the damping coefficients of the front and rear cabin mounts were changed by ±20 %. RMS values of the accelerations in the seat are shown in Fig. 8 . RMS value of the accelerations in the seat increases with the increase of the damping coefficient, and drops with the decrease of the damping coefficient. In the steady working condition, the excitation for the cabin mount system is mainly from the excitation that is higher than its own natural frequency, thus increasing the damping will lead to larger vibration transmissibility of the cabin mount system and therefore larger vibration transmitted to the cabin.
The impact of the suspension stiffness
At each vehicle velocity, simulation was conducted through changing the stiffness of the front suspension and the balanced suspension by ±20 %. Fig. 9(a) shows the impact of the change of the front suspension's stiffness on RMS values of the seat accelerations. According to the simulation results, the vibration increases with the increase of the suspension's stiffness, and decreases with the decrease of the stiffness. The natural frequency of the sprung mass was 2.73 Hz, thus reducing the suspension stiffness could expand the suspension system's damping of above 2.73 Hz vibration, thereby lowing the vibration within the cabin; on the other hand, increasing the suspension stiffness will strengthen the vibration within the cabin. The impact of the change of the balanced suspension's stiffness on RMS values of the seat accelerations is shown in Fig. 9(b) , and it can be seen that the curve is basically identical with that of the impact of the change in the front suspension's stiffness. 
The impact of the suspension damping
At different vehicle velocity, the simulation was conducted by changing the damping coefficient of the front suspension by ±20 %, and the results were as shown in Fig. 10 . The simulation curve indicates that the seat vibration decreases with the increase of the suspension damping, and increases with the decrease of the suspension damping. The main reason is as follows: the natural frequency of the sprung mass of the suspension was close to that of the cabin mount system, and the resonance phenomenon occurred when the vehicle was moving; consequently, increasing the damping could reduce amplitude of the natural-frequency vibration of the sprung mass of the suspension, thus the vibration transmitted to the cabin was decreased.
The influence of the power-train mount's stiffness
At different vehicle velocity, the influence of the change of the power-train mount's stiffness on the vibration inside the cabin was simulated by changing the stiffness of the power-train mount by ±20 %, and the results are shown in Fig. 11 . According to this figure, the seat acceleration increases with the increase of the power-train mount's stiffness, and decreases with the decrease of the power-train mount's stiffness. The main reason is that: under the working condition, the range of the rotational velocity of the power-train was 1630 rpm-2040 rpm, and the 3-order excitation frequencies were 81.5 Hz-102 Hz, greater than the natural frequency of the power-train mount system; therefore, the decrease of the stiffness would lead to the decrease of the natural frequency of the power-train mount and the increase of the vibration isolation rate of the power-train mount, thus the vibration transmitted from the power-train to the cabin was reduced. 
Optimization of vibration in the cabin based on DOE and genetic algorithm
Influences brought by major vehicle parameters to vibration in the cabin are analyzed in Section 4, so that the influencing tendency of each parameter to the cabin vibration under each working condition is obtained, but influencing levels of each factor cannot be analyzed quantitatively. In order to research the contribution degree of each factor to the vibration in cabin, DOE [15, 16] method was used for the analysis to provide references for the optimal matching of a cabin suspension system. Experimental factors are as follows: 8 variables including front mount stiffness of cabin, rear mount stiffness of cabin, front mount damping of cabin, rear mount damping of cabin, stiffness of a front suspension, stiffness of a balanced suspension, damping of the front suspension and power assembly stiffness were taken as the research factors, wherein 3 levels were selected for each factor. The contribution degree of each factor was finally calculated, as shown in Table 4 . It is shown in the table that the cabin mount damping factor influenced the cabin vibration to the greatest extent, while cabin mount stiffness ranked the second place. Suspension stiffness of the cabin is directly related with handling stability of the vehicle, so that improvement and optimization shall be carried out mainly to the cabin mount parameters so as to improve the vibration performance of cabin. In this way, vibration in the cabin can be reduced to the hilt on the premise of guaranteeing the handling stability.
Front mount stiffness, rear mount stiffness, front mount damping and rear mount damping of the cabin as well as position coordinates were taken as design variables. According to technical indexes of the test vehicle, the dynamic deflections of front and rear mounts were set as constraint conditions of a mathematical model. The optimization model selected multiple objectives which are respectively root mean square value of comprehensive weighting acceleration of the cabin, root mean square value of angular accelerations of the cabin pitch angle, and root mean square value of angular accelerations of the cabin roll angle. Therefore, the mathematical optimization model of the vibration system of the cabin can be expressed as follows: 
where is the root mean square value of comprehensive weighting acceleration of the cabin. is the root mean square value of angular accelerations of the roll angle. is the root mean square value of angular accelerations of the pitch angle.
. is dynamic deflection of the cabin front mount;
, is dynamic deflection of the cabin rear mount.
, is the front mount stiffness of the cabin.
, is the rear mount stiffness of the cabin.
, is the front mount damping of the cabin.
, is the rear mount damping of the cabin.
, is the position of the cabin's front mount in direction. . is the position of the cabin's front mount in direction.
, is the position of the cabin's rear mount in direction.
, is the position of the rear mount in direction. Variables in a cabin mount system have complex relations with objective functions, wherein a lot of local optimum solutions exist. Therefore, it is feasible to apply genetic algorithms [17, 18] in optimization design. This is because that genetic algorithm adopts a multipoint parallel manner in space search, wherein each search point is taken as an organism, fitness of an individual to the environment is calculated at first, individuals with low fitness levels are then eliminated, and individuals with high fitness levels are added. Alternative simulation is carried out according to this method, and the globally optimal solution can be obtained finally.
The paper combines ADAMS software and MATLAB software with simulation to realize genetic algorithm optimization. Optimization processes are shown in Fig. 12 . At first, design variables were parameterized in ADAMS. Relevant relations were established with MATLAB optimization program through an interface. Individuals in the algorithm consisted of stiffness, damping and position parameters of the cabin mount system. During the optimization program, binary codes were established for the variables according to constraint conditions, and an initial population with 200 individuals was generated. Simulation analysis was carried out by ADAMS. Simulation results were input into MATLAB optimization program so as to determine whether they were satisfied. Before searching of genetic algorithm, the objective function was encoded into a binary system character string with a fixed length, namely chromosomes. Different combinations of these character strings constituted different search points in the searching space. The initial size of a population was set to be 200. Selection of fitness directly influenced the convergence speed of genetic algorithm and whether an optimal solution can be found. The fitness was a positive number in general. For a maximization problem, the fitness was always an objective function problem. Conversely, regarding a minimization problem, the fitness was a negative number of the objective function. The paper took an objective function as the fitness. The changing curve of the fitness during optimization was shown in Fig. 13 . It was shown in the figure that when the evolution continued to the 180th generation, the fitness was basically stable. Individuals of which the fitness was stable during evolution were selected. Some chromosomes among the selected 200 individuals were exchanged by a certain probability to generate 200 new individuals. The crossover probability was set to be 0.92. The selected 200 individuals were mutated under the given probability to form a new generation of population. The mutation probability in the paper was 0.05.
The paper conducted on the optimal design of the vibration of the cabin by genetic algorithm. Its necessity can be illustrated from the following aspects. 1) Genetic algorithm was a random global search and optimization algorithm developed based on biological evolution mechanism in the nature. It can solve very complicated problems reliably. Based on single-point searching, traditional optimization algorithms always cannot find globally optimal solutions of complicated problems. Based on parallel search, genetic algorithm had high capability of global optimization. The optimization variables in the paper can be very easily encoded into genes required by genetic algorithm and can also conveniently represent feasible solutions in the genetic algorithm. Therefore, genetic algorithm was highly applicable in solution and optimization of commercial vehicle vibration characteristics.
2) The paper was a multi-objective optimization problem. Genetic algorithm has been widely used and verified in multi-objective optimization. In addition, there were many variables in optimization and the multi-objective optimization problem was complicated, so that it was suitable to optimize this problem by genetic algorithm.
3) Research in this paper was carried out based on commercial software Matlab and Adams. Matlab integrated processes of genetic algorithm and also contained interfaces related to Adams.
When the two kinds of software were used to optimize commercial vehicle vibration characteristics, only some parameters in the software need to be modified. It was unnecessary to spend much time programming new programs for the computation. Therefore, the computational efficiency was increased. This method has been used extensively. 50 km/h is commonly used in the commercial vehicle, so that the optimization analysis was based on such speed. Comparison of results before and after the optimization is shown in Table 5 . After the optimization, the root mean square value of cabin vibration accelerations decreased from 0.80 to 0.56; the pitch angle acceleration decreased from 0.35 to 0.23; and roll angle acceleration decreased from 0.38 to 0.21. Therefore, cabin vibration characteristics can be optimized very obviously by this optimization algorithm. During manufacture of the commercial vehicle, such optimization strategy can be used to design products with better comfort and handling stability. 
Conclusions
This paper tries to study the vibration characteristics of the commercial-vehicle cabin in order to improve ride comfort. Firstly, the vibration characteristic of the cabin was tested through road experiment, and it can be found from the experimental results that the vibration in the steering system is more than the other positions. Then, the rigid-flexible coupling dynamic model of the commercial vehicle is built to compute the vibration characteristics, and the computational results are then compared with the experimental results. It was found that the results are consistent with each other, which indicates that the simulation model is reliable. Finally, based on the verified simulation model, some parameters such as the stiffness of the front and rear mounts, the damping of the front and rear mount, the stiffness of the power-train mount, and the stiffness and damping of the cabin suspension system which influence the vibration characteristic of the cabin are explored. As a result, the influencing tendency of each parameter to the cabin vibration under each working condition was obtained, but influencing levels of each factor cannot be analyzed quantitatively. In order to research the contribution degree of each factor to the vibration in cabin, DOE method was used for the analysis to provide references for the optimal matching of a cabin suspension system. Then, the vibration in the cabin was optimized based on genetic algorithm to obtain the optimal performance. This research can provide a reference for the other researches on the reduction vibration for the cabin.
